Abstract: Polyhedral oligomeric silsesquioxane (POSS) is an important inorganic-organic hybrid material with a threedimensional structure. Polyurethane (PU) is a widely applied polymer that has versatile properties with the change of two phase structure. When POSS is incorporated into PU by physical or chemical methods, many properties can be greatly improved, such as mechanical properties, thermal stability, biodegradation resistance, and water resistance. This paper reviews the recent progress in preparation, structure, and performance of POSS-modified polyurethane from the viewpoint of physical blending and chemical modification.
Introduction
Polyurethane (PU) is a polymer having a microphase separation structure composed of hard and soft segments.
1,2 The micro phase separation leads to excellent mechanical properties at room temperature. 3 Thus, polyurethane is widely used in adhesives, 4 coatings, 5 insulation materials 6 and other fields. 7 But traditional polyurethane has shortcomings of insufficient strength, high temperature, so researchers have been working to improve the mechanical properties at high temperatures and heat resistance of polyurethane. Polyhedral oligomeric silsesquioxane (POSS) is an organicinorganic nanoparticle that was first synthesized in 1946 by the Scott. 8 The synthesis and application of the POSS has been the focus of many research efforts. Feher 9 studied POSS surface functionalization in the 1990s, with the initial aim of incorporating POSS into homogeneous catalysts, but his research group developed polymers containing POSS as a priority. In 1991, with the support of the United States Air Force, Lichtenhan 10 et al. prepared a series of POSS with functional groups and used them to modify polymers. The empirical formula of typical POSS cages is (RSiO 1.5 ) n (n=6, 8, 10, 12 etc.), 11 where R is an organic substituent, such as the inert groups of alkyl, and aryl, and the reactive groups of vinyl and amino. 12 The diameters of POSS are in the range 1~3 nm. 13 From the standpoint of molecular design, the organic and inorganic phases are combined with covalent bond to form POSS, is a new type of organic-inorganic hybrid material. [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] It is reported that POSS exists in the following structures: random, ladder, cage, and partial cage.
25,26
POSS can be incorporated into polyurethanes by physical blending and chemical modifications. According to the number of groups at the eight corners of POSS molecules, chemical modifications can be divided into copolymerization, grafting, and crosslinking. [27] [28] [29] POSS as organic/inorganic hybrid material has the special nature of surface effect and nano quantum size effects. 30 When incorporated into polyurethane, the nanoscale POSS improves the thermal stability, 31 water resistance, flame-retardant behavior 32 and mechanical strength of the polyurethane. 33 This paper reviews the recent progress in POSS-modified polyurethane obtained by physical blending and chemical modifications.
Physical Blending
POSS and polyurethane are mixed by physical blending through a solution method or melt method. Bourbigot 34 et al.
used the melt method to mix thermoplastic polyurethane (TPU) and poly (vinylsilsesquioxane) using a Brabender mixer running in nitrogen flow at 50 rpm for 10 min and at †
Corresponding author E-mail: zhanglq@mail.buct.edu.cn o C. Transmission electron microscope (TEM) showed that the POSS particles were uniformly dispersed in TPU in macroaggregates at low magnification. At high magnification, the POSS in melt processing state tended to form micron-size aggregates. The POSS aggregates were ellipsoidal 200~400 nm diameter, as shown in Figure 1 . Cone calorimeter test can be seen that the heat release rate of the hybrid material was reduced from 430 kW/m 2 to 80 kW/m 2 compared with virgin TPU (Figure 2 ). The limiting oxygen index and combustion level (UL-94) did not change significantly, but time to ignition of the hybrid material was twice shorter. POSS-TPU hybrid materials produced residues in combustion; the residue reduces the heat release rate and mass loss. Thermal gravimetric analysis showed that the degradation of POSS-TPU hybrid materials starts at lower temperatures than virgin TPU. It explained that POSS destabilizes TPU during thermo-oxidative degradation. Although physical blending is simple, the solubility parameters of polyurethane and POSS are different. Nanoscale POSS easily forms aggregates, 35, 36 which lead to macroscopic phase separation and have a negative effect on the modification.
Chemical Modifications
According to the type and number of functional groups at the eight corners of POSS, the structures of the hybrids formed by copolymerization can be divided into three types, 37, 38 as shown in Figure 3 : (1) POSS monomer containing only one reactive group, hanging in a side chain of the polymer to form a "suspension type structure" after copolymerization, (2) POSS monomer containing two reactive groups, forming a "bead type structure" after copolymerization, and (3) POSS monomer containing more than two reactive groups, forming a "crosslinked type structure" after copolymerization. Due to the different synthesis conditions for the different structural types of POSS/PU nanocomposites, polyurethane chemically modified by POSS is reviewed according to the suspension type and the crosslink type.
Suspension type of POSS/PU nanocomposites
The suspension type of POSS/PU nanocomposites mainly used the T 8 R 7 R' type of POSS, where R is an inert functional group, R' is a functional group with two hydroxyl groups or two amino groups. 39 POSS suspends in the polyurethane segment by the prepolymer method. POSS/Polyurethane Hybrids and Nanocomposites: A Review on Preparation, Structure and Performance 37
Amino-POSS
Using the acetone method with 3-(2-aminoethyl) amino propyl-heptaisobutyl-POSS (diamino-POSS), 2,3-propanediol propoxy-heptaisobutyl-POSS (diol-POSS), and other raw materials, Nanda et al. 40 synthesized POSS/PU hybrid dispersions, according to the synthesis steps shown in Figure  4 . All the PU-POSS dispersions studied were stable for more than 6 months. The incorporation of the POSS monomers did not have a significant effect on the properties of the dispersions. The POSS was incorporated into the polyurethane hard segment instead of the soft segment. The products had excellent physical properties and met the high requirements for hardness and toughness. Initial tensile tests on films prepared from the series revealed major changes with the inclusion of POSS as shown in Table 1 . The tensile strength increases with increasing content of POSS. Madboul et al. 41 used rheological measurements, TEM, thermal gravity analysis (TGA) to show that the incorporation of diamino-POSS to the hard segments of PU enhanced miscibility of PU, producing a more homogeneous composite. For samples, containing POSS ≤ 6 wt.%, the microphase separation temperature remained constant at 140°C regard- less of the concentration of POSS. The microphase separation temperature t increased to 160°C as the POSS concentration increased to 10 wt.% POSS.
Hydroxy-POSS
Turri et al. 42 prepared prepolymers using TMP-diolisobutyl-POSS, isophorone diisocyanate, and dimethylolpropionic acid to get POSS/PU hybrid materials. Ethylenediamine was the chain extender. The author used gel permeation chromatography (GPC), X-ray diffraction (XRD), contact angle and dynamic thermomechanical analysis (DMA) to measure the properties of the composites. They found that the POSS/ PU hybrid with POSS content below 10% could form a more homogeneous structure. Dynamic mechanical analysis showed a reinforcement effect of POSS on PU mainly when longer soft segments were used. XRD data showed that POSS still existed in some crystallinity even in the case of low levels of POSS. Raftopoulos et al. With increasing content of POSS, POSS hybrid materials tended to form a regular crystalline phase, as observed in Figure 5 , in which PU04 and PU10 were POSS/PU hybrid with POSS content on total polymer solids of 4 and 10%.
These observations indicate that POSS shows strong tendency to form crystallites in PU matrix, 45 however of different types, i.e. extended structures for PU04 and more regular, smaller structures for the higher POSS content (PU10). Zhang et al. 46 synthesized POSS/PU hybrids found that the POSS/PU hybrids had a shear thinning behavior. The more the POSS was embedded in PU, the stronger the shear thinning behavior and the higher the viscosity of hybrids.
Increasing the content of POSS could increase the glass transition temperature of PU. There are two competitive factors affecting the Tg. On the one hand, the POSS cage limited the movement of the macromolecular chain that would increase the Tg. On the other hand, the bulky POSS increased the free volume of the system that would decrease the Tg. Janowski 47,48 and Lewicki et al. 49, 50 also studied the thermal performance of POSS/PU hybrids getting the same results ( Figure 6 ). They all used 1,2-propanediol-heptaiso-butyl-POSS (PHIPOOS). They found that in comparison with degradation in argon atmosphere the initial decomposition temperature of POSS/PU hybrids is shifted toward higher temperatures. Fu et al. 51, 52 obtained two phenolic hydroxyl POSS by hydrosilylation, and then polymerization of the POSS with 4,4'-methylenebis (phenylisocyanate) and polytetramethylene glycol resulted in high-density polyurethane, as shown in Figure 7 . XRD studies found that the POSS in the system formed micro-crystals. When POSS/PU was subjected to uniaxial deformation, the structural changes in the POSS led to enhanced tensile modulus and strength of the hybrid polymer. Before deformation or under small deformations, the hard segments were randomly dispersed in the soft matrix. At tensile strains higher than 100%, the microphase of POSS/PU deformed along the tensile direction. As the tensile strain increased to 400%, some of the crystalline structure of POSS was destroyed. At tensile strains higher than 700%, some large hard segments were broken into small disk-like pieces, as shown in Figure 8 . Knight 53 and Guo 54 synthesized biodegradable thermoplastic polyurethane with POSS as a hard segment.
Crosslinked type of POSS/PU nanocomposites
Besides POSS used as chain extender to hang into the PU chain, it also can also form a crosslinked type of POSS/PU nanocomposites.
Isocyanate-POSS
Syntheses of polyurethanes were carried out on model systems without any chain extender and with NCOPOSS as the only source of -NCO groups.
Neumann et al. 55 first obtained POSS with eight -NCO groups, using hydrosilylation of octakis (dimethylsiloxy) octasilsesquioxane (Q 8 M 8 H ), as shown in Figure 9 . As the crosslinking agent, Q 8 M 8 H reacted with poly (ethylene glycol) to form crosslinked polyurethane. Nuclear magnetic resonance ( Si NMR) showed that the incorporation of POSS cage did not damage the cage structure. This report was the first on the use of POSS as a crosslinking agent to form a new type of POSS/PU nanocomposites. The TGA and differential scanning calorimetry (DSC) studies demonstrated that the incorporation of the POSS crosslinking agents altered the thermal properties of the polyurethanes.
56
It is well-known that PU is extensively hydrogen bonded. Hydrogen bond in polyurethane can be characterized as a hard-hard segment hydrogen bond (NH O=C) and a hardsoft segment hydrogen bond (NH O-). The proton donor is -NH group of urethane, while the acceptor group is carbonyl and ester carbonyl or ether oxygen atom of urethane. Hydrogen bond in PU can significantly influence PU's properties.
57
Previous papers have pointed out that hydrogen bonded carbonyl could be divided into disordered and ordered hydrogen bonded carbonyl band.
58, 59 Prządka et al. 60 used NCOPOSS (structure shown in Figure 9 ) to synthesis POSS/PU nanocomposites. They studied the hydrogen bond structure of POSS/PU nanocomposites. The three overlapping bands at 1718, 1707 and 1701 cm −1 correspond to non-hydrogenbonded (free) carbonyl groups, hydrogen-bonded carbonyl groups associated with disordered regions, and hydrogenbonded carbonyl groups in ordered domains, respectively. The ordered and disordered hydrogen-bonded carbonyl groups are present in the hard segments, and the free carbonyl groups are present in the soft segments ( Figure 10 ). It was shown that the ability to form hydrogen bonds depends on the chemical structure of the isocyanate. 61, 62 Linear aliphatic isocyanate hexamethylene diisocyanate (HDI) is easier to form hydrogen bonds than cycloaliphatic isocyanate isophorone diisocyanate (IPDI). Mya et al. 63 obtained hybrid polyurethanes with NCO-POSS by using two different methods. The first method was the reaction of NCOPOSS and OHPOSS; the second method was the reaction of NCOPOSS and 1,6-hexanediol in tetrahydrofuran. The obtained hybrid materials had low surface roughness and high relative transparency. DMA and TGA analyses showed that increasing the content of POSS in the PU matrix improved the thermal stability, crosslink density, oxidation resistance, and mechanical strength.
Epoxy-POSS
In the presence of high tension, the three-membered ring of epoxy having a ring-opening reaction can react with primary amine, sulfhydryl group, or hydroxyl group to form secondary amine, sulfide, or ether bond under mild condi- tions. Epoxy has strong reactivity. Molecular chains grow after the ring-opening polymerization or addition reaction of other compounds. Two or more epoxy groups reacted with a polyfunctional compound to generate a crosslinked structure. Zheng et al. 64 synthesized organic-inorganic hybrid composites by incorporating OpePOSS into polyurethane, as shown in Figure 11 . Results showed that the POSS-containing PU networks had improved glass transition temperature and thermal stability. With the increase of POSS content, the tensile modulus at break and tensile strength of POSS/PU increased, but the elongation at break decreased as shown in Figure 12 . Surface contact angle and X-ray photoelectron spectroscopy showed that the enrichment of POSS cage molecules on the material surface reduced the surface free energy of the material and improved the surface hydrophobic properties of material.
Amino-POSS
Zhang et al. [65] [66] [67] prepared a series of POSS/PU hybrids by the reaction of N-phenylaminomethyltriethoxysilane, a nanocrosslinking agent, with polyurethane prepolymers, as shown in Figure 13 . HR-TEM showed POSS was nanophase-dispersed in the polyurethane matrix that suggested excellent compatibility between polyurethane and POSS. DMA indicated that the storage modulus and glass transition temperature increased with increasing concentration of POSS ( Figure  14) . Tensile tests showed that the Young's modulus of the POSS/PU composites increased with increasing POSS concentration. N-phenylaminopropyl polyoligomeric silsesquioxan can be used to synthesis POSS/PU coatings to prevent corrosion of aluminum alloy 2024 (AA2024).
68
Liu et al. 69 prepared POSS/PU hybrids by the reaction of Figure 11 . Synthesis of organic-inorganic hybrid PU networks. the crosslinking agent octaaminophenyl polyhedral oligomericsilsesquioxane with 4,4'-methylenebis-(2-chloroaniline). They found that the increase of porosity of the POSS/ PU hybrid materials was due to the decreased density. The porosity of POSS-containing nanocomposites was composed of two parts. One part came from the external porosity as a result of the inclusion of POSS cages. The second part of porosity could be attributed to the nanoporosity of the POSS core had a diameter of 0.54 nm in a POSS cage. Madhavan et al. 70 studied the surface effect of poly (dimethylsiloxane) (PDMS) or polypropylene glycol (PPG) linear chain and polyoctahedral oligosilsesquioxanes (POSS) cubic nanoparticles and the gas transport properties of PDMS-PU or PPG-PU hybrid membranes. The gas permeability of amino-POSS incorporated hybrid membranes was in the order of CO 2 > O 2 > N 2 . The permeability of N 2 and O 2 was lower in amino-POSS -incorporated hybrid membranes than in virgin PDMS-PU ( Table 2 ). The reduction in permeability and the increase in pressure may be due to compression of the polymer matrix, which led to a decrease in the free volume. AFM was used to investigate the surface morphology and phase separation of polyurethane hybrids. The added POSS on the hybrid membrane surfaces allows the observation of the self-assembly behavior of POSS. POSS was highly hydrophobic with a low surface energy and tended to aggregate on the surface of hybrid membranes.
71
Lopes et al. 72 synthesized thermoplastic polyurethane through a one-shot process, in which isocyanate groups reacted with the secondary amine of POSS to form urea groups. Urea groups are more stable than urethane groups, so the thermal resistance was increased.
Hydroxy-POSS
Using trisilanol isobutyl POSS and TDI under the catalysis of dibutyltin dilaurate (DBTDL), Oaten 73 and Pan et al.
74,75
obtained a transparent POSS/PU film with a lamellar network structure shown in Figure 15 . The interactions of strong hydrogen bonds in the amide groups of urethanes and the interactions of long-range hydrophobicity between the hexamethylene groups and isobutyl groups led to the long range ordered lamellar structure of the hybrid. Zheng et al.
76
also found that POSS was connected to polymer chains by covalent bonds, which restrict the crystal packing of cubic silsesquioxane units, resulting in a bilayer or lamella-like structure. In other words, the covalent bonds prevented the spherical packing in three dimensions, forming instead a twodimensional raft-like structure. The van der waals force between POSS produced a stable nano-layered structure. Madhavan et al. 77 attached completely condensed (POSS-H) and incompletely condensed silsesquioxane (CyPOSS) to a PU matrix to obtain a POSS/PU hybrid. The hydroxyl group of POSS-H reacted with isocyanate to form urethane bonds. The hydride functional group of CyPOSS reacted with the hydroxyl group of POSS-H in the presence of the catalyst DBTDL. Various compositions of POSS incorporated membranes were listed in Table 3 . With increasing concentration of POSS, the number of hydrogen of polyurethane decreased. Thus, the POSS cage prevented the formation of hydrogen bonds between the urethane bonds. There were two POSS aggregation structures in PU, as shown in Figure 16 . However, the phase separation of different type of POSS aggregation was different. Permeability measurements showed that the permeability of N 2 and O 2 gases decreased with the increase of pressure (Figures 17, 18 ).
78
Bliznyuk et al. 79 synthesized POSS by the hydrolytic condensation of the product of the interaction of 3-aminopropyl triethoxysilane with a twofold molar excess of glycidol. Then the POSS was incorporated in polyurethane to get POSS/PU hybrids. Atomic force microscope (AFM) and small angle Xray scattering (SAXS) studies revealed the different structure levels of POSS/PU hybrids, as shown in Figure 19 . The basic unit structure was the POSS core wrapped with the PU shell.
The average size of a POSS/PU fragment was 2~4 nm. On the next level of the structural organization was POSS/PU aggregation by the crosslinking between the polymer matrix and the inorganic core. Raftopoulos 80 used octa-OH-functional POSS to incorporate into polyurethane elastomer as a 3-dimensional crosslinking core. They studied effects of this cross-linking moiety on the morphology and molecular dynamics over a range of size and time scales.
Vinyl-POSS
Wang et al. 81 prepared POSS/PU hybrid films from OVPOSS and waterborne polyurethane acrylate (WPUA), as shown in Figure 20 . POSS has a low molecular weight and a low surface energy, thus easily migrating to the surface to reduce the surface energy of the film. The surface contact angle increased from 51° for virgin polyurethane to 77° for the composite with a 10% POSS content. Using N,N-dimethylformamide (DMF) as a solvent, Kim et al. 82 synthesized a PU prepolymer of terminated methacrylate. All PU films were cured by UV with octavinyl POSS as a crosslinking agent. Multifunctional POSS incorporated into polyurethane could increase the crosslink density of the polymer matrix. Mechanical properties of the films were increased with the content of POSS increased from 0 to 3 pphr, owing to an increase in the crosslinking density as well as the reinforcing effect. However, the mechanical properties decreased with POSS content of 5 pphr, as shown in Figure   Figure 18 . 21, because the easy aggregation of POSS particles resulted in a decrease in crosslinking density.
Conclusions
Novel inorganic/organic hybrid POSS nanoparticles have inherent advantages over conventional inorganic nanoparticles in the modification of polymers. POSS has a wide application prospect. When incorporated into polyurethane, POSS can significantly improve the thermal stability, water resistance, weather resistance, and other properties of the polyurethane. However, the complex synthesis and time-consuming, small-scale production make POSS expensive. POSSmodified polyurethane is still in the experimental stage. Therefore, the research and development of low-cost POSS and POSS-modified polyurethane technology is much needed.
